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Aerated, slow-release oxidants are a relatively new technology for treating contaminated 
aquifers. A critical need for advancing this technology is developing a reliable method for 
predicting the radius of influence (ROI) around each drive point. In this work, we report a 
series of laboratory flow tank experiments and numerical modeling efforts designed to 
predict the release and spreading of permanganate from aerated oxidant candles 
(oxidant-wax composites). To mimic the design of the oxidant delivery system used in the 
field, a double screen was used in a series of flow tank experiments where the oxidant 
was placed inside the inner screen and air was bubbled upward in the gap between the 
screens. This airflow pattern creates an airlift pump that causes water and oxidant to be 
dispersed from the top of the outer screen and drawn in at the bottom. Using this design, 
we observed that permanganate spreading and ROI increased with aeration and 
decreased with advection. A coupled bubble flow and transport model was able to 
successfully reproduce observed results by mimicking the upward shape and spreading 
of permanganate under various aeration and advection rates.  
 
Keywords: Oxidant delivery device, Slow-release oxidants, Modular oxidant delivery 













One of the biggest challenges to successfully implementing in situ chemical 
oxidation (ISCO) is ensuring adequate oxidant distribution throughout the treatment zone 
(Schnarr et al., 1998). While the need for the oxidant to come in contact with the 
contaminant is obvious, the task of uniformly delivering treatment chemistries is 
complicated by textural stratifications in the subsurface, which often leads to the injected 
oxidant bypassing contaminants in fine-textured or low permeable zones (Siegrist et al., 
2001). Moreover, once the injected oxidant has moved through the higher permeable 
zones, contaminants in low permeable zones will eventually diffuse back into the 
transmissive regions via matrix diffusion. This process is known as rebound and has been 
documented to occur at numerous ISCO sites (Goldstein et al., 2004; Krembs et al., 2010; 
Liu and Ball, 2002; McGuire et al., 2006; Mundle et al., 2007; Sale et al., 2008; Siegrist 
et al., 2011). McGuire et al. reported that of the 23 NAPL sites treated with liquid oxidants, 
81% of the wells exhibited rebound with 30% bouncing back to concentrations greater 
than those observed before treatments began (McGuire et al., 2006).  
Advancements in high-resolution site characterizations tools, such as direct-push 
membrane interface probes with hydraulic profiling, has improved liquid injections by 
providing for more targeted treatments. Although improved profile characterization can 
guide better oxidant placement, the injected liquid oxidant is often highly concentrated 
and subject to density flow, as well as advection. Thus, one of biggest challenges to 
aquifer treatment is determining how to deliver the chemical oxidant to the contaminated 
zone and make it remain in place long enough to mitigate rebound. Recent efforts to 
address this ISCO challenge have focused on developing slow-release oxidants that can 
supply a continuous input of oxidant to a contaminated aquifer for months to years (Lee 
and Schwartz, 2007a; Ross et al., 2005; Swearingen and Swearingen, 2008). The idea 
of encapsulating oxidants as a slow-release treatment for contaminated aquifers was first 
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and since then, increased interest has appeared in a number of publications that have 
documented the effectiveness of slow-release oxidants to remove groundwater 
contaminants at the bench-scale and in larger flow-tank systems (Kambhu et al., 2017, 
2012; Lee et al., 2009, 2008b, 2008a; Lee and Schwartz, 2007b, 2007a; Liang et al., 
2014; Ma et al., 2020; Rauscher et al., 2012; Swearingen and Swearingen, 2008; Yang 
et al., 2016; Yuan et al., 2013). In their analysis of peer-reviewed research involving 
controlled-release materials for groundwater remediation, O’Connor et al. indicated that 
of the 30 publications identified, most have been published in the last five years (O’Connor 
et al., 2018). 
Christenson et al. was the first to report the use of slow-release oxidants in the field. 
They began treating a former unregulated landfill with known TCE contamination by 
manufacturing and deploying slow-release oxidant candles (oxidant-wax cylinders) 
(Christenson et al., 2012). Installation involved inserting half of the oxidant candle mass 
into the aquifer with direct-push technology and the other half by placing the candles in 
screens and then dropping them down designated wells. Once deployed, it was observed 
that the permanganate dissolving from the oxidant candles in wells was subject to 
downward density flow and thus, producing an uneven oxidant distribution across the well 
screen. To prevent the oxidant from sinking, they began aerating the oxidant candles at 
the base. This aeration creates what is analogous to an airlift pump, where a circulation 
pattern is created that causes water to exist the top half of the screen and enter at the 
bottom. This induced flow pattern around the oxidant candle helps break the 
intermolecular forces holding the oxidant together and allows the oxidant molecules to 
solvate with water, thus preventing downward migration (Christenson et al., 2016, 2012) 
(Figs. SM-1 and SM-2). Recent results from this ongoing study showed that seven years 
after deployment, the aerated oxidant candles are still functioning and have reduced 
downgradient TCE concentrations and associated contaminants by ~90%. The initial 
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concentrations subsequently led to a reloadable design that could be installed by direct-
push (Christenson and Comfort, 2018). This modular oxidant delivery system is currently 
treating a variety of aquifers contaminated with petroleum and chlorinated solvents.  
One way to advance the use of aerated slow-release oxidants would be to develop 
a reliable method for predicting the radius of influence around the drive points such that 
gaps in oxidant coverage are avoided and proper spacing in the field is used. The zone 
of influence around technologies using slow release oxidants is also paramount to 
estimating the cost of full scale remediation projects (O’Connor et al., 2018). To that end, 
we report a series of laboratory flow tank experiments and numerical modeling efforts 
aimed at identifying the critical factors controlling the release and spreading of 
permanganate from aerated oxidant candles. Data used in modeling was generated by 
conducting a series of flow tank experiments that varied aeration and advection rates and 
measuring permanganate spreading. We then assembled subcomponents of an overall 
transport model that included oxidant flux from the candle and aeration effects on fluid 
velocity inside and outside the doubled-screened oxidant candle. 
 
MATERIALS AND METHODS 
Flow Tank and Setup. A detailed description of the flow tank (Fig. SM-3), transport 
procedures and soil and water parameters (Table S1) used in model simulations can be 
found in Supplementary Materials (SM). In brief, flow tank experiments were run by 
inserting a 1.9-cm slotted PVC tube (OD), which served as the outer screen, into the 
center of the soil chamber approximately 7.62 cm from the inlet chamber divider (Fig. SM-
4). To mimic the field oxidant candle, an inner slotted screen (i.e., candle screen; 1.27 
cm, OD,) holding five miniature permanganate candles (0.714 cm OD, 2.38 cm length) 
was inserted into the outer screen. The permanganate candles used in all experiments 
were a mixture of potassium permanganate, paraffin wax and sodium 
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The effect of aeration on oxidant spreading was a treatment parameter. Aeration 
was controlled by using a common fish tank air pump. The tubing from this pump was 
connected to a Cole Palmer, 65-mm correlated flowmeter, and then inserted into the 
bottom of the candle screen. To obtain a more precise air flow rate than that provide by 
the correlated flowmeter, we used a glass soap film meter (Hewlett Packard, 1-10-100 
mL) and a stopwatch to measure and adjust the flow rate coming out of the correlated 
flowmeter. Once set, we measured flow rates into the candle casing at the beginning and 
end of each transport experiment. Aeration rates used in tank experiments were as 
follows: 3.2, 6.9, 7.2, 8.6, 9.2, 10.5, 12.5 mL min-1. 
Water flow (i.e., advection) was also a treatment parameter. This was controlled by 
pumping water into the inlet chamber (Fig. SM-3) with a piston pump (QSY-2; FMI lab 
pump, Syosser, NY) to create a hydraulic head across the soil chamber. Water flow rates 
were quantified by collecting effluent from the tank with time. Water flow rates used in 
tank experiments were 4.6, 7.2, and 10 mL min-1. Using the cross-sectional area and 
porosity, these discharge rates correspond to seepage velocities of 3.2 x 10-6, 5.0 x 10-6 
and 6.9 x 10-6 m s-1. Cumulative pore volumes passed through the flow tank were also 
measured by collecting and weighing all effluent. 
Quantifying Plume Spreading. Data representing the effects of aeration and 
advection rates on oxidant spreading were determined by taking temporal photographs 
of the oxidant plume emanating from the candle screen during each tank experiment (Fig. 
SI-4). In these series of experiments, either advection or aeration rate was held constant 
as the other variable was varied. For all combinations, the width of the permanganate 
spreading perpendicular to advection at the outer oxidant candle screen was measured 
with time (Fig. SM-4).  
A power law equation (Eqn. 1) was used to establish an empirical relationship 
between plume width (𝑃𝑊) [unit: m] and the various aeration rates (Qa) [unit: mL min-1] 
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 𝑃𝑊 = 𝑎 ∗ 𝑄𝑎
𝑏 ∗ 𝑣𝑖
𝑐 (1) 
Using the known values of 𝑃𝑊, 𝑄𝑎 and  𝑣𝑖 , we used the curve fitting tool in MATLAB 
to find parameters a, b, and c. We then used Equation 1 to predict plume widths (𝑃𝑊) for 
various aeration and advection rates. 
Overall Modeling Approach. To model the multiple processes occurring in the 
aerated double-screened oxidant candle system, different components were individually 
evaluated and then coupled into a flow and transport model (Fig. 1). In these experiments, 
aerating the oxidant candle caused bubble flow, which subsequently affected the water 
velocity exiting and entering the outer oxidant screen. To mimic this, a computational fluid 
dynamics (CFD) model that simulated bubbly flow between the inside and outside oxidant 
candle screens (i.e., gap) was developed. The velocity profile at the outer screen 
produced by the bubbly flow model was then combined with the pressure gradient across 
the soil chamber and Darcy’s equation to yield a velocity profile for the flow tank (Fig. 1). 
In addition, a kinetic model that simulated oxidant release from the candle was developed 
based on batch experiments described below (permanganate release kinetics). The 
oxidant candle release flux and the tank velocity profile were coupled with and the 
advection-dispersion equation to simulate oxidant concentration profiles in the soil 
chamber under various aeration and advection rates (Fig. 1).   
All modeling was performed with COMSOL Multiphysics software (version: 5.3a, 
COMSOL Inc., Burlington, MA). This is a cross-platform finite element analysis, solver 
and multiphysics simulation software that provides physics-based user interfaces and 
coupled partial differential equations systems.  
Permanganate Release Kinetics. To quantify the mass of permanganate released 
from the candles, a series of batch experiments were performed. Using the inner candle 
screen (1.27 cm, OD) from the tank experiments, we inserted two miniature 
permanganate candles (0.714 cm OD, 2.38 cm length) and then repeatedly placed that 
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dissolution front moves inward into the wax matrix with time and changes the rate of 
release, we used different volumes of water and time frames (∆t) to capture the release 
kinetics. This was done to produce permanganate concentrations that could be easily 
detected with minimal dilutions. In the beginning, we measured the permanganate 
released from the two candles submerged in 200 mL of deionized (DI) water at 2 min 
intervals. With time, the volume of DI water used increased to 400 and 900 mL for set 1, 
and 450 and 1000 mL for set 2. Time steps used to capture the permanganate released 
also increased from minutes to hours, to days. 
After transferring the permanganate candles to clean DI water for each time step 
(∆t), the permanganate captured in the amber bottles was capped, mixed and analyzed. 
Permanganate was quantified at 525 nm on a Hach® DR 2800 Spectrophotometer using 
standardized Method 4500-KMnO4 (4500-KMnO4 POTASSIUM PERMANGANATE, 
2017). Standard calibrations presented a linear response by the spectrophotometer up to 
concentrations of 0.44 mol m-3 (70 mg L-1); therefore, all samples were diluted to within 
this concentration range before quantification. Experimental units (screen + 2 
permanganate candles) were run in triplicate and also replicated in time (Sets 1 and 2).  
Permanganate mass released for each time interval was described using an 
analytical model presented by Roseman and Higuchi (Eqns. 2-3) (Roseman and Higuchi, 
1970). This model was derived for a non-porous, non-swelling cylindrical matrix and 
assumes: (i) a homogeneous initial oxidant distribution; (ii) a constant diffusion coefficient; 
(iii) a pseudo-steady state where the permanganate concentration in the wax is much 
greater than the solubility in the wax (A>> Cs): (iv) the cylinderal matrix is being placed 
into a solution whose concentration is less than solubility; and (v) diffusion is the rate-
controlling step, rather than dissolution. This same model was previously applied to 
similar slow-release oxidant formulations (Lee and Schwartz, 2007a; Liang and Chen, 
2017). Recently, Ma et al., (2020) used a similar approach to model the permanganate 
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                            (2) 
Where, 𝐷𝑒 is the effective diffusion coefficient [m
2 s-1], t is time [s], and h and a are 
the height [m] and radius [m] of the area under consideration. Initially, the concentration 
in the candle was defined to be at solubility. The concentration at the boundary was 
















 𝑄′ = 𝜋ℎ𝐴(𝑎0
2 − 𝑎′2) (4) 
Here ao is the initial radius of candle (0.00357 m), a’ is radius of permanganate 
front [m], Cs is solubility of permanganate (405 mol∙m-3), A is moles of permanganate per 
volume of candle (9.84 x 103 mol∙m-3). MATLAB (version: 2016a) was used to find the 𝐷𝑒 
values that best matched the experimentally measured mass of permanganate released. 
CFD Modeling of Aeration Effects on Velocity Profile. Aerating inside the 
doubled-screened well gap created a water flow pattern that caused water (and dissolved 
oxidant) to exit from the top of the well screen and enter from the bottom. To mimic this 
velocity profile, we simulated a simplified water-air bubble flow system. Dimensions for 
the modeled system are provided (Figs. 2, SM-5).  Briefly, a 7.14-mm diameter candle 
was placed in the center of a well screen (9.525 mm ID, 12.7 mm OD). This inner candle 
screen was placed inside an outer screen (15.875 mm ID, 19.05 mm OD) that had slits 
every 12.7 mm along the length of the screen and each slit was 0.5 mm high. Air bubbles 
released at the base from the aeration tube hit the bottom of the oxidant candle screen 
(inner screen) and were redirected to the 1.59 mm concentric gap between the outer and 
inner screens.  
The mixtures of water and bubbles inside the double-screened well gap were 
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interface of COMSOL. This model treats the water phase and gas phase as 
interpenetrating media and tracks the averaged concentration of each phase. The model 
assumes: (i) the air density is negligible compared to water density, (ii) the balance 
between pressure force and viscous drag is determined by the motion of the air bubbles 
relative to the motion of the water, and (iii) the same pressure field is exerted on the water 
and air phases. Based on these assumptions, the sum of the momentum equations of the 












(∇ ∙ 𝒖𝑤)𝑰)] +

𝑤
𝜌𝑤𝒈 + 𝑭   (5) 
Here,  denotes the unitless phase volume fraction, 𝜌 is the density [kg m-3], 𝒖 is velocity 
vector [m2], P is pressure [Pa], 𝜇  is the dynamic viscosity [Pas], 𝜇𝑇  is the turbulent 
viscosity [Pas], g is gravitational acceleration [m s-2], F is any additional volume force [N 
m-3]. The subscript “w” denotes quantities related to the water phases. The continuity 




(ρ𝑤𝑤 + ρ𝑎𝑎) + ∇ ∙ (ρ𝑤𝑤𝐮𝒘 + ρ𝑎𝑎𝐮𝒂) = 0                (6) 
Here, the subscript “a” denotes quanitities related to the air phase. Finally, a gas phase 
transport equation, as defined in Equation 7 (COMSOL, 2017) was solved to track the 




+ ∇ ∙ (ρ𝑎𝑎𝐮𝒂) = −𝑚𝑎𝑤   (7) 
 𝑚𝑎𝑤 is the mass transfer rate from the air phase to the water phase [kg (m
3s) -1].  
The bubbly flow model solved for 𝒖𝒘, P, and the effective gas density ρ𝑎𝑎. The 
gas velocity 𝒖𝒂 was calculated as: 𝒖𝒂 = 𝒖𝒘 + 𝒖𝒔𝒍𝒊𝒑 + 𝒖𝒅𝒓𝒊𝒇𝒕, where 𝒖𝒅𝒓𝒊𝒇𝒕  is a drift velocity 
and 𝒖𝒔𝒍𝒊𝒑 is the relative velocity between water and gas bubbles. 𝒖𝒅𝒓𝒊𝒇𝒕  was calculated as 
described in Equation 8. 
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where 𝜇 is an effective viscosity causing the drift. 𝒖𝒔𝒍𝒊𝒑 was solved using a pressure-drag 
balance approach, which assumed that the pressure forces on the air bubble are 






𝜌𝑤|𝒖𝒔𝒍𝒊𝒑|𝒖𝒔𝒍𝒊𝒑 = −∇𝑷  (9) 
Here, 𝑑𝑏 is the bubble diameter [mm], and 𝐶𝑑 is the drag coefficient [unit less].  
Two-dimensional (2D) axial-symmetry model was used to simulate the velocity of 
water flowing in and out from the outer screen. In our model setup, the temperature was 
298.15 ˚K, and the reference pressure was 1 atm. Air bubbles were added to the system 
beneath the oxidant candle screen. The large bubble setting was selected with the 
surface tension coefficient () of 0.07. The approximate size of air bubble was 5 mm.   
The boundary condition (BC) for air phase is the specific mass flux of air at the air 
tube beneath the candle. The top boundary was assigned as the gas outlet and the 
remaining boundary conditions had no gas flux. For the water phase, atmospheric 
pressure was applied to the top of the tank. A no-slip boundary condition was applied to 
the screen wall, and a slip interior wall boundary condition was applied to the slits. Mesh 
size was set as extra fine with the element size in the range of 3.4 x 10-6 to 5 x 10-4 m.  
Flow and Transport in the Tank. The Darcy’s Law subsurface module was used 
to model the water flow in the soil tank domain. To reduce computation times, we 
simulated only half of the sand tank described above (with symmetry boundary 
conditions). The dimensions for the model are presented are presented in Fig. 2. To 




(𝜖𝑝𝜌) + ∇ ∙ (𝜌 (−
𝐾
𝜇
∇𝑃)) = 0 (10) 
Here,  𝜖𝑝 is the effective porosity [-], and 𝐾 is permeability [m
2]. 
In order to couple the effect of aeration on water flow, the velocity at the oxidant 
candle slits from the bubbly flow model was applied as an inlet velocity boundary 
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difference at the inlet and outlet. Top, bottom and side walls assumed no flow boundary 
conditions.  
We used the transport of diluted species in porous media interface in the COMSOL 
subsurface module to simulate the spreading of oxidant in the soil chamber. The oxidant 
release kinetics and the water velocity from Darcy’s law model were coupled with the 
advection-dispersion equation to simulate flow and transport of oxidant spreading. The 







∙ ∇C + ∇ ∙ (D∇C)  (11) 
Here, C denotes the concentration of oxidant (permanganate) [mol m-3], and D is 
the dispersion coefficient [m2 s-1]. 
The dispersion coefficient D can be estimated based on the water velocity and 
dispersivity, as described in Equation 12.  
 𝐷𝑗 = 𝛼𝑗𝑣𝑖 + 𝐷
∗  𝑗 = 𝐿, 𝑇 (12) 
Here, 𝛼  is dispersivity [m], 𝑣𝑖  is average linear velocity [m s
-1], 𝐷∗  is molecular 
diffusion coefficient [m2 s-1]. The subscripts “L” denotes the direction as longitudinal and 
“T” as transverse. Longitudinal dispersivity of the flow tank (𝛼𝐿) without the influence of 
aeration was determined from a tracer transport experiment and found to be 0.005 m. 
The 𝛼𝑇  was assumed to be 1/10 of 𝛼𝐿 . Details of tracer experiments procedures are 
presented in SM. 
The release of permanganate from oxidant candles, as determined by the 
permanganate kinetic experiments was incorporated into the model as a mass flux 
(mol(m2 s)-1) source at the inner screen of well. No mass flux boundary was defined at 
the tank walls, and the inlet and the outlet boundaries were defined as outflow boundary 
conditions. The time dependent with a fully coupled iterative solver was used to simulate 









Permanganate Release. To describe the mass of permanganate released from the 
oxidant candles, we used the kinetic flux model of Roseman and Higuchi (Eqn. 2 and 3) 
to obtain estimates of diffusion coefficients (De) (Roseman and Higuchi, 1970). Results 
showed that during the first 72 h the permanganate candles were immersed in water (Fig. 
3A) De equaled 6.51  10-12 m2 s-1 for Set 1 and 6.46  10-12 m2 s-1 for Set 2. Diffusion 
coefficients were slightly lower for dissolution data collected over a longer timeframe (0-
13 d). Specifically, De equaled 6.30  10-12 m2 s-1 for Set 1 and 6.19  10-12 m2 s-1 for Set 
2 (Fig. 3B). Fitted results closely matched all observed data (r2 > 0.99, Fig. 3).  
Oxidant Candles with and without Aeration. Without aeration, the 
permanganate that dissolves from the oxidant candle is subject to density flow (Figs. SM-
1, SM-2). High concentrations of permanganate forming around the candle coupled with 
intermolecular bonding causes a steady downward stream of permanganate to occur 
almost immediately (Fig. SM-2). When permanganate candles were placed in our flow 
tank without aeration, no permanganate was observed at the soil surface during transport 
and the end view of the flow tank showed that the permanganate had sunk and was 
located at the bottom (Fig. 4). When aeration was used, permanganate was readily visible 
at the saturated soil surface throughout the soil chamber, and the end view showed a 
plume architecture that was spread laterally and vertically (Fig. 4).   
Christenson et al. previously observed lateral spreading of permanganate away 
from the candles without aeration, but this only occurred when the candles were placed 
in a silty clay soil with low permeability. When they placed the oxidant candles in a static 
saturated sand tank, downward flow of permanganate was clearly visible (Christenson et 
al., 2012). Previous experiments with persulfate candles (Kambhu et al., 2012) have also 
indicated that density driven flow of persulfate could be problematic in many aquifers. 
However, by aerating beneath the candle, flow patterns are created that cause agitation 
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together and allows the oxidant to solvate with water, thus minimizing downward 
migration. 
Aerated Oxidant Candles without Advection. By aerating the oxidant candles 
at the base in our flow tank without advection, we observed circular patterns of 
permanganate radiating out from the well screen (Fig. 5A). Radial growth of the 
permanganate was initially fast within the first few hours and then slowed and became 
more linear (Fig. 5B). This pattern is likely tied to two factors, namely the aeration-induced 
water velocity exiting the top-half of the outer screen and the release kinetics of the 
permanganate candles. For the latter, permanganate crystals on the outside of the 
candles are quick to dissolve but dissolution is slowed as the solute layer recedes into 
the wax matrix. Our independent measurement of permanganate candle release rates 
showed rapid release within the first 5 h, (Fig. 3A), followed by a more linear release after 
7 h (Fig. 3B).  
Aeration-induced velocities at the outer screen are described in more detail below, 
but in general terms, aerating inside the double screen gap causes water and oxidant to 
be dispensed from the outer screen at a set velocity. This initial velocity will carry oxidant 
out into the soil domain but the speed of the oxidant moving in the soil domain will slow 
with distance and eventually stop. Beyond this boundary, the eventual buildup or increase 
in permanganate concentrations in the soil domain will cause slower concentric growth 
that is diffusion-driven.  
Increasing the aeration rate from 6.8 to 12.1 cm min-1 (78% increase) resulted in 
larger circular spreading of the permanganate. At 24 h, the width of the permanganate 
increased from 22 cm with a 6.8 mL min-1 aeration rate to 29 cm with a 12.1 mL min-1 
aeration rate, or a 32% increase (Fig. 5A). Given that the aerated oxidant candles used 
in the field can continue to release oxidant for months to years, depending on candle 
dimensions and oxidant chemistry (i.e., salt formulation), this concentric growth pattern 
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increase as the surrounding contaminants are oxidized. 
 Using our coupled model (Fig. 1) with no advection showed that our model was 
responsive to the aeration rate and capable of mimicking the growth of the radiating 
permanganate around the aerated candle (Fig. 5A) over 24 hours under both aeration 
rates. By equilibrating various permanganate concentrations with the Ottawa Sand used 
in the flow tank experiments (Fig. SM-6), visual estimates of permanganate 
concentrations were possible. Top view simulations show concentrations of 0.1 mol m-3 
or greater at the surface (Fig. 5A). The simulated spread regions of permanganate are in 
good agreement with the visual observation in the experiments. The model slightly over 
estimated the spreading of the oxidant at the lower aerating rate, particularly at earlier 
times (<12 h). Our model assumes that the impact of permanganate density on flow and 
transport is negligible with aeration. However, in the very early stages of aeration, 
particularly under low aeration rate, we suspect that the density of permanganate still has 
some impacts on the flow. Therefore, the model overestimated the spread region. 
CFD Modeling of Aeration Effects on Velocity Profile. Aerating the field-scale 
sized oxidant candles in large water tanks with no soil (Fig. SM-2), showed that aeration 
causes water and oxidant to be dispersed from the top half of the outer screen and drawn 
in at the bottom. Temporal photographs taken during the first few minutes showed that 
more oxidant is released at the very top of the screen than in the mid-sections. This 
means a velocity gradient is created where velocities are highest at the very top of the 
screen and decrease with depth. Also, water is drawn in near the location where air is 
being injected at the base of the candle. This intake of water at the bottom and release at 
the top causes a recirculation pattern of oxidant to occur, which prevents downward 
sinking (Fig. SM-2).  
By using the dimensions of the doubled-screened well in our flow tank experiments 
(Figs. 2 and SM-5), we simulated aeration at three rates (3.2, 9.2, and 12.5 mL min-1). 
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at the outer screen (Fig. 6A). Like observed in our large water tanks (Fig. SM-2), modeling 
results correctly simulated water being dispensed at the top of the screen, as indicated 
by positive velocity values (Fig. 6A) and taken in at the bottom of the screen (negative 
velocity values). Moreover, the model correctly simulated the shape of the velocity profile 
with the highest velocity values at the very top and bottom and these values tapered 
toward zero in the middle of the screen (Fig. 6A). By increasing the aeration rate, the 
magnitude of the velocity values became more positive at the top and more negative at 
the bottom (Fig. 6A), further simulating greater circulation.  
With increased aeration, the greater velocity values at the top of the screen 
resulted in a greater predicted ROI around the candle screen and increased up gradient 
flow of the oxidant. Our model correctly simulated the upward lift of the oxidant in the z 
direction as well as movement of the oxidant up gradient. The upward lift is clearly visible 
by the permanganate plumes present at the saturated soil surface in our wide flow tank 
experiments (Fig. 6B). The up gradient flow of oxidant is also visible from the top view 
where oxidant moves up gradient from the outer well screen (Fig. 6C); the side view shape 
of the up gradient flow is also visible in our narrow 2D tank, where the greatest up gradient 
flow occurs near the top of the screen and tapers off toward the middle (Fig. SM-1). This 
observed up gradient oxidant flow pattern is predicted in our modeled velocity profile (Fig. 
6A) and 3D simulations (Fig. 6B).  
Finally, top view simulations show concentrations of 0.1 mol m-3 or greater at the 
surface (Fig. 6C). The permanganate concentration profiles from top view predicted by 
our simulations with advection are similar to what was observed under three different 
aeration rates. By equilibrating various permanganate concentrations with the Ottawa 
Sand used in the flow tank experiments (Fig. SI-6), visual estimates of permanganate 
concentrations were possible As a secondary check to the visual comparisons, we also 
measured permanganate concentrations for some of the various plumes formed during 
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observed concentrations.   
Effects of Aeration and Advection on ROI. With higher aeration, the 2D and 3D 
simulations show more oxidant spreading up gradient and perpendicular to the candle 
screen. Given that the aeration rate controls the outward velocity of oxidant from outer 
screen in all directions, we found that the radius of influence (ROI) was largely a function 
of the outward velocity of the oxidant exiting the screen and the advection rate of 
groundwater, which would oppose the up gradient and lateral spreading of the oxidant. 
Although our flow tank experiments confirmed the oxidant can travel opposite to 
advection, it is noteworthy that results from field sites where aerated oxidant candles have 
been installed have also confirmed the presence of oxidant in up gradient wells after 
installation. 
To determine the relationship beween aeration, advection and permanganate 
spreading, we used three advection rates and three aeration rates and photographed 
temporal changes in permanganate spreading (Figs. 7, 8). When holding advection 
constant (3.2 x 10-6 m s-1) increases in aeration resulted in wider plumes (Fig. 7). When 
aeration was held constant (12.5 mL min-1) and advection varied, we found the plume 
width decreased with increases in advection (Fig. 8). CFD modeling (Fig. 1) also 
accurately predicted permanganate plumes (Figs. 7, 8). A slight over prediction of the 
ROI at low aeration (6.8 mL min-1, Fig. 5, and 3.2 mL min-1, Fig. 7) may be due to fact that 
the current model does not consider concentration to be a function of density and 
viscosity. At low aeration rates, density driven flow may be occurring. As we observed in 
our experiments without aeration, density and viscosity need to be considered in order to 
be adequately modeled (33). 
A power law equation (Eqn. 1) was used to establish an empirical relationship 
between plume width (𝑃𝑊) and the various aeration rates (Qa) and flow velocities (𝑣𝑖). 
Using observed data, the power law equation with fitted parameters equaled: 
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By measuring the width of the permanganate plume (perpendicular to water flow 
in the tank) at 24 h, the predicted widths matched well with observed data. The average 
relative difference (n=7) between predicted and observed was 6% (Table 1). The power 
law relationship showed the positive impact of aeration rates and the negative impact of 
groundwater flow rates on the plume width. This relationship could serve as a quick 




When slow release oxidants were first being developed and tested, it was 
recognized that a serious limitation to field scale use could be the lack of traverse 
dispersion around the drive points. Using a large flow tank (8 m × 4 m × 2 m) that was 
equipped with three rows of closely spaced permanganate oxidant cylinders, Lee et al. 
documented the transport of permanganate under advection (Lee et al., 2008a) and then 
developed a model specific to predicting oxidant spreading by coupling solute release, 
reaction and mass transport (Lee et al., 2008b). Using transport parameters generated 
from their tank study, Lee et al. then further simulated oxidant spreading from 10 
permanganate cylinders in screened boreholes spaced 1 m apart (Lee et al., 2008b). 
Results from their simulations showed the formation of 10 discrete and narrow zones of 
permanganate downgradient, with gaps in coverage. To counter this mixing inefficiency, 
Lee et al. showed how the placement of 3 injection/extraction wells 1 m downstream from 
the permanganate drive points could enhance mixing and lateral dispersion (Lee et al., 
2008b). 
Other efforts to model the ROI of slow release oxidants have included the work by 
Yao et al. who considered the spreading of permanganate from cylinders in two-
dimensional space by using radial basis function collocation method (RBFCM) (Yao et 
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considered (retardation factor = 1), a lateral dispersion coefficient (Dx) of 0.305 cm2          
day-1; a transverse dispersion coefficient (Dy) of 0.0305 cm2 d-1; a linear velocity of 10.4 
cm day-1, and a contaminant concentration of 6000 µg L-1 with a second-order reaction 
constant of 0.00435 L mmol-1 d-1, the RBFCM method indicated that two cylinders spaced 
0.732 m apart, with a third cylinder placed between the first two but offset 2 m 
downgradient, were sufficient to cover a 7.92 m  by 1.8 m area.  
Absent from both Lee et al. and Yao et al. models is the effect that density flow 
has on the radius of influence (Lee et al., 2008b; Yao et al., 2016). As shown in this work 
and previously reported laboratory studies (Christenson et al., 2012; Kambhu et al., 
2012), dissolution of the oxidant from the slow-release composites often results in 
downward migration. A recent field study using slow release persulfate cylinders also 
confirm density-driven flow occurred even when an induced gradient was imposed (Evans 
et al., 2018, 2019).  Another issue brought forth from previous modeling effort is the close 
spacing of drive points set at 1 m apart or less (Lee et al., 2008b). Unless a funnel and 
gate approach with baffles is used to direct the contaminated water to the slow release 
oxidants, this proposed close spacing may by problematic to practitioners. As noted in 
O’Connor et al. review, bioremediation systems often have a radius of influence of 3 to 6 
m. Thus, in order for slow-release oxidants to become viable, it is imperative that new 
technologies be developed that increase the radius of influence under various geological 
settings (O’Connor et al., 2018). 
Aerating the oxidant candles provides two important functions to the treatment. 
First, aerating produces turbulence, which provides a physical means of separating the 
oxidant molecules that are cohesively held together through intermolecular bonding. 
Separating the oxidant molecules allows them to solvate with water and thereby 
minimizes density-driven flow. Secondly, by aerating the candles inside the reloadable 
screen, the aeration decreases the water density in the gap between the candle screen 
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to what occurs in airlift pumps, which have been used to lift toxic liquids in chemical 
industries and conveying slurries in mining (Yoshinaga and Sato, 1996). But unlike 
industrial applications that use airlift pumps to bring fluids above the static water level, the 
aerated double candle screen simply allows the rising water carrying the oxidant to be 
release near the top of the screen. By using a large water tank, we observed that aeration 
causes the discharge of the oxidant at the top of the screen and an intake of water at the 
bottom (Fig. SM-2). This circulating action undoubtedly improves the radius of influence 
of the candles by increasing the lateral dispersion (Dx) away from the drive points. Thus, 
the aerated oxidant candles eliminates the need to induce a gradient with extraction wells. 
Our bubbly flow model coupled with Darcy flow correctly mimicked observed 
results and identified the factors that control oxidant spreading from aerated oxidant 
candles, namely the velocity profile of the oxidant leaving the outer screen and advection 
flow field the oxidant enters in the soil domain. At low advection rates, it is reasonable to 
assume the ROI will increase but be slowed by the oxidant demand of the surrounding 
soil and contaminants.  At high advection rates, the lateral spreading will be additionally 
curtailed by the distance where the groundwater velocity is higher than oxidant flow 
velocity leaving the candle screen. Our model was built upon the first principle of flow and 
transport; therefore, we believe a similar modeling approach could be used to predict the 
ROI at a field site. The field-scale model would need to be further validated to field 
conditions that differed from our experimental set up, such as soil property heterogeneity, 
wider range of groundwater velocities, consumption of oxidants due to the presence of 
contaminants, multiple oxidant drive points at a field site and computational efficiency 
when upscaling to a field site.   
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 Qa 3.2 mL min-1 Qa 9.2 mL min-1 Qa 12.5 mL min-1 






















      
 
 
Figure 7  
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 Vw 3.2  10-6 m s-1 Vw 5.0  10-6 m s-1 Vw 6.9  10-6 m s-1 






















      
 
 
Figure 8    
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3.2E-06 3.2 0.0947 0.0922 2.7 
3.2E-06 6.8 0.1225 0.1374 12.1 
3.2E-06 9.2 0.1703 0.1616 5.1 
3.2E-06 12.5 0.1848 0.1906 3.2 
5.0E-06 7.2 0.1074 0.1013 5.6 
5.0E-06 12.5 0.1463 0.1368 6.5 
6.9E-06 8.6 0.0814 0.0877 7.7 
